ABSTRACT: The potential therapeutic benefits associated with Hsp90 modulation for the treatment of cancer and neurodegenerative diseases highlight the importance of identifying novel Hsp90 scaffolds. KU-398, a novobiocin analogue, and silybin were recently identified as new Hsp90 inhibitors. Consequently, a library of 3-arylcoumarin derivatives that incorporated the structural features of KU-398 and silybin was designed, synthesized, and evaluated against two breast cancer cell lines. Western blot analysis confirmed that the resulting 3-arylcoumarin hybrids target the Hsp90 protein folding machinery.
T he 90 kDa heat shock protein (Hsp90) is an ATPdependent chaperone that is responsible for the folding, activation, and stabilization of more than 200 client proteins, of which approximately 50 are kinases, hormone receptors, and/or transcription factors directly associated with signaling pathways that regulate cell growth. 1, 2 Hsp90 exists as a homodimer in normal cells and acts as a house-keeping chaperone to maintain protein homeostasis. 3 However, in malignant cells, Hsp90 forms a superchaperone complex that binds to cochaperones and immunophilins to modulate the function of proteins associated with all six hallmarks of cancer. These oncogenic Hsp90-dependent clients include Raf-1, Akt, CDK4, Src, hTERT, and cMet, all of which have developed an addiction to Hsp90 for their activity in transformed cells. 4, 5 Not surprisingly, inhibition of the Hsp90 protein folding machinery results in simultaneous disruption of these signaling cascades and induces client protein degradation through the ubiquitin-proteasome pathway, which can eventually lead to cell death. 6, 7 More than 16 small molecule inhibitors that target the Hsp90 N-terminus are under clinical evaluation in an effort to validate Hsp90 as a therapeutic target for the treatment of cancer. 8, 9 During Hsp90 N-terminal inhibition, induction of the pro-survival heat shock response also occurs at the same concentration needed to promote client protein degradation, which can often lead to cytostatic activity in lieu of cytotoxicity. Ideally, it would be beneficial to segregate these two activities so that one can induce client protein degradation, without inducing a pro-survival pathway for the treatment of cancer or, conversely, induce the pro-survival pathways to aid cells exposed to toxic insults without causing client protein degradation, such as those found in neurodegenerative diseases, including Alzheimer's, Parkinson's, Prion, and Hodgkin's diseases. 10−12 The existing and emerging therapeutic benefits associated with Hsp90 modulation highlight the importance of identifying novel Hsp90 inhibitors that can differentiate these attributes.
Hsp90 inhibitors for the treatment of cancers are under extensive investigation, and recently, a lead molecule named KU-398 was shown to exhibit promising anticancer activity. 13−19 Alongside KU-398, the natural product, silybin, was also recently identified as an Hsp90 inhibitor through an Hsp90-dependent firefly luciferase rematuration and Hsp90-dependent hemeregulated eIF2α kinase (HRI) activation assay. 20 These studies suggested that similar to KU-398, silybin also binds to the Hsp90 C-terminus. Structural alignment of KU-398 and silybin suggests that the coumarin and flavonone ring systems may be interchangeable (Figure 1 ) and that the corresponding 3-arylcoumarin derivatives could target the Hsp90 protein folding machinery. Interestingly, 3-aryl-containing coumarins are commonly produced by plants and often exhibit antioxidant, anti-inflammatory, and antimicrobial activities, but more recently, they were shown to also manifest anticancer activity. 21−24 As a consequence of these observations, compound 1 was designed to maintain the coumarin ring present in KU-398 while incorporating the 3-aryl appendage of silybin to provide a new class of Hsp90 C-terminal inhibitors.
Synthesis of compound 1 commenced with commercially available 2-methyl resorcinol (2), which was formylated under Vilsmeier−Haack conditions using phosphorus oxychloride (POCl 3 ) and N,N-dimethylformamide (DMF), followed by hydrolysis to give formyl-resorcinol 3 (Scheme 1). 25 Condensation of 3 with 3,4-methylenedioxyphenylacetic acid in the presence of acetic anhydride and pyridine produced the acylated 3-arylcoumarin, 5, which upon hydrolysis of the ester yielded compound 6. Finally, a Mitsunobu etherification proceeded upon treatment of 6 with N-methyl-4-hydroxylpiperidine to afford 3-arylcoumarin, 1.
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Biological evaluation of 3-arylcoumarin 1 for anti-proliferative activity against SKBr3 (estrogen receptor negative, Her2 overexpressing breast cancer cells) and MCF-7 (estrogen receptor positive breast cancer cells) cell lines was performed. 18 Because Her2 and the estrogen receptor are two Hsp90-dependent client proteins and their stability and function are highly dependent upon Hsp90 folding machinery, studies with these two different cell lines were used. Compound 1 was shown to manifest antiproliferative activity with an IC 50 value of 5.21 ± 1.14 μM against SKBr3 cells and 3.71 ± 0.11 μM against MCF-7 cells.
Western blot analyses of MCF-7 cell lysates confirmed selective degradation of Hsp90-dependent clients at concentrations that parallel the observed anti-proliferative activity (Figure 2 ), suggesting that 3-arylcoumarin derivatives target the Hsp90 protein folding machinery.
To generate structure−activity relationships for the phenyl appendage, commercially available coumarin 8, which lacks the 8-methyl substituent, was used. Bromination of 8 proceeded poorly following literature procedures.
26−28 Therefore, compound 8 was first methylated with iodomethane in the presence of sodium hydride in DMF to afford compound 9, which underwent bromination with N-bromosuccinimide in the presence of catalytic sodium acetate. Subsequent demethylation of 10 with tribromoborane, followed by Mitsunobu coupling with N-methyl-4-hydroxylpiperidine, generated intermediate 12.
The final products were then produced by Suzuki coupling of 12 with a series of phenylboronic acids (13a−p) or fused heteroarylbronic acids (15a,b) to give a library of 3-arylcoumarin derivatives, 14a−p and 16a,b (Scheme 2).
Upon construction of this library, the corresponding 3-arylcoumarins were evaluated for anti-proliferative activity against SKBr3 and MCF-7 breast cancer cell lines. As shown in Table 1 , 3-arycoumarin derivatives are more efficacious against MCF-7 than SKBr3 cells. Any substitution on the phenyl ring was determined beneficial; however, electron-deficient groups are more effective than electron-rich substitutions (14d/14h vs 14f). Substitution at the para position resulted in a slightly increased activity as compared to substitutions at the meta position (14d vs 14c), while substitution at the ortho position is detrimental (14b vs 14d and 14o vs 14p). It appears that bulky substitutions (14n) or a phenoxyl group (14m) at the para position can also lead to compounds that exhibit increased antiproliferative activity. The decreased activity observed for 14l, when compared to compound 1, clearly demonstrates that a methyl group at the 8-position of the coumarin ring increases anti-proliferative activity. More interestingly, benzo[b]-thiophene derivative 16a exhibited activity against both cell lines at concentrations below 1 μM and could serve as a lead compound for further diversification.
To further confirm that 8-methyl substituents are beneficial for anti-proliferative activity, a small set of commercial available phenylacetic acids 17a−e were similarly condensed with 3 in the presence of acetic anhydride, followed by hydrolysis to give 19a−e, which underwent etherication with N-methyl-4-hydroxylpiperidine to afford 8-methyl-3-arylcoumarin derivatives, 20a−e (Scheme 3).
As suggested by related compounds, the 8-methyl-3-arylcoumarin derivatives manifested improved anti-proliferative activity, when compared to the 8-desmethyl analogues against the MCF-7 breast cancer cell line, suggesting that substitution at the 8-position of the coumarin ring is important (Table 2) .
Although compound 14f, which contains an electron-rich methoxy group at the para position, exhibited decreased activity when compared to 8-desmethyl compounds against both SKBr3 and MCF-7 cell lines (see Table 1 ), its 8-methyl counterpart (20b) manifested comparable activity to the other 8-methyl derivatives (20c−e). analyses of MCF-7 cell lysates following administration of 16a.
As shown in Figure 3 , the Hsp90-dependent client proteins, Raf-1 and Akt, were degraded in a concentration-dependent manner when exposed to 16a, which mirrored the concentration needed to manifest anti-proliferative activity and therefore linked client protein degradation to cell viability. The nonHsp90-dependent protein, actin, was not affected upon administration of 16a, indicating that non-Hsp90-dependent proteins are not degraded. In addition, Hsp90 levels appear to decrease at increasing concentrations of 16a, which is consistent with other known Hsp90 C-terminal inhibitors. 29 In conclusion, a library of 3-arylcoumarin derivatives was designed, synthesized, and evaluated against two breast cancer cell lines, and the initial structure−activity relationships for the phenyl appendage were investigated. 3-Arylcoumarin derivatives were identified as novel inhibitors of the Hsp90 protein folding machinery. Compound 16a exhibited lead like activity, and Western blot analyses of this compound supports binding to the Hsp90 C-terminus, as no increase in Hsp90 levels was observed. Further structural modifications are currently underway and will be reported in due course. 
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